Background/Aims: Major depressive disorder is a severe, common and often chronic disease with a significant mortality due to suicide. The pathogenesis of major depression is still unknown. It is assumed that a reduction of neurogenesis in the hippocampus plays an important role in the development of major depressive disorder. However, the mechanisms that control proliferation of neuronal stem cells in the hippocampus require definition. Here, we investigated the role of Janus-Kinase 3 (Jak-3) for stress-induced inhibition of neurogenesis and the induction of major depression symptoms in mice. Methods: Stress was induced by the application of glucocorticosterone. Brain sections were stained with phospho-specific antibodies and analysed by confocal microscopy to measure phosphorylation of Jak-3 specifically in the hippocampus. Jak-3 inhibitors and the antidepressant amitriptyline were applied to counteract stress. The effects of the inhibitors were determined by a set of behavioural tests and analysis of Jak-3 phosphorylation in brain sections. Acid sphingomyelinase-deficient mice were employed to test whether Jak3 is downstream of ceramide. Results: The data show that stress reduces neurogenesis, which is restored by simultaneous application of Jak-3 inhibitors. Inhibition of neurogenesis correlated with an anxious-depressive behaviour that was also normalized upon application of a Jak-3-inhibitor. Confocal microscopy data revealed that stress triggers a phosphorylation and thereby activation of Jak-3 in the hippocampus. Amitriptyline, a commonly used antidepressant that blocks the acid sphingomyelinase, or acid sphingomyelinase-deficiency reduced stress-induced phosphorylation of Jak-3. Conclusion: Our data show that Jak-3 is activated by stress at least partially via the acid sphingomyelinase and is involved in the mediation of stress-induced major depression.
Introduction
Major depressive disorder is a severe and chronic disease, with up to 10% of the population being affected at least once in their lifetime [1, 2] . Patients with major depressive disorder suffer from a variety of symptoms including depressed mood, melancholia, inability to feel, loss of interest, anhedonia, fear, insomnia, concentration deficits, but also several somatic symptoms [1] [2] [3] .
The pathogenesis of major depression is still unknown and requires definition. Unpredictable and chronic stress can increase the risk of developing major depression. Further an increase of glucocorticoids seems to be important in the pathogenesis of neurogenesis in some, but not all patients with major depressive disorder. It has been suggested that a decreased concentration of monoaminergic neurotransmitters in the synaptic space causes major depression [3] . However, this fails to explain why antidepressants that rapidly prevent uptake, and therefore immediately increase the concentration of monoaminergic neurotransmitters in the synaptic space, particularly serotonin und norepinephrine, only act after 2-4 weeks of treatment. Further, some antidepressants such as Tianeptine even induce an uptake of neurotransmitters [4] . Thus, newer concepts have suggested that major depression is caused by a decrease of neurogenesis in the hippocampus and possibly also the frontal brain [5] [6] [7] [8] [9] [10] . These regions contain neuronal stem cells and approximately 700 new neurons are born in the hippocampus daily [5] [6] [7] [8] . Antidepressants increase the proliferation of neurons and reverse the decrease of size in the hippocampus observed in many patients with major depression [8, 9] . Reduced neurogenesis might result in a rarefication and finally failure of neuronal networks in the hippocampus and thereby the symptoms of major depressive disorder. However, the reason for reduced neurogenesis in patients with major depressive disorder still requires definition.
We have recently shown that the acid sphingomyelinase/ceramide system is targeted by antidepressants [10] . The acid sphingomyelinase is an ubiquitously-expressed enzyme that converts sphingomyelin to ceramide [11] . Ceramide regulates cell signaling by re-organisation of proteins in the cell membrane and has been shown to be involved in many forms of stress and programmed cell death [11] [12] [13] [14] [15] [16] [17] . However, stress induces symptoms of major depressive disorder even in mice lacking the acid sphingomyelinase suggesting that ceramide does not directly mediate stress. In contrast to wildtype mice, acid sphingomyelinase-deficient mice fail to respond to antidepressants. This suggests that ceramide functions as a negative regulator of neurogenesis and that a reduction of ceramide by antidepressants reduces the sum of negative stimuli on neurogenesis in stressed animals allowing the recovery of a normal neurogenesis. Downstream targets of the acid sphingomyelinase/ceramide system in neurogenesis are presently poorly characterized.
Here, we investigated the role of Janus Kinases (Jaks) in major depressive disorder and whether Jaks are downstream of the acid sphingomyelinase/ceramide system in the hippocampus. It is presently unknown whether Jaks are involved in neurogenesis in vivo and in major depressive disorder. Jaks respond to several cytokine receptors, for instance the interleukin (IL)-6 and -12-receptors [18] . Binding of the respective ligands/cytokines alters the conformation of these cytokine receptors, which results in transphosphorylation and activation of Jaks that are bound to the receptor [18] . Active Jaks phosphorylate their receptors, which then bind Stat-proteins (signal transducer and activators of transcription). Their phosphorylation leads to dissociation from the receptor and migration into the nucleus to regulate protein biosynthesis [18, 19] . Studies in cultured neurons revealed that pharmacological inhibition of Jak-3 inhibitor promotes neurogenesis [20] . However, whether these in vitro data also apply to the in vivo situation is presently unknown.
In the present study we investigated the role of Jak-3 in glucocorticoid-induced major depression. We analysed whether stress induces an alteration of Jak-3 activity, whether Jak-3 is involved in neurogenesis in vivo in the hippocampus and whether Jak-3 functions downstream of the acid sphingomyelinase/ceramide system.
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Materials and Methods
Chemicals and antibodies
All reagents were from Sigma-Aldrich, Deisenhofen, if not otherwise noted. The Jak-3 inhibitor IV (sc 295217) was from Santa Cruz Inc., anti-bromodeoxyuridine (BrdU) antibodies were from Millipore, BrdU from Roche. Anti-phospho-Jak-3 and anti-phospho-Stat-3 antibodies were from Cell Signalling. Fluorescencelabeled antibodies were from ImmunoResearch. Phosphate buffered salt solution consisted of 137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 and 1.8 mM KH 2 PO 4 . HEPES-buffered saline solution (H/S) consisted of 20 mM HEPES, 132 mM NaCl, 5 mM KCl, 1 mM CaCl 2 , 0.7 mM MgCl 2 , 0.8 mM MgSO 4 , pH 7.4. Mice C57BL/6 wild type or acid sphingomyelinase-deficient mice [21] were treated for 14 days with 250 mg/L glucocorticosterone via the drinking water [10] . To this end, glucocorticosterone was dissolved in dimethylsulfoxide (DMSO) at 125 mg/mL and then further diluted in 0.9% NaCl, which served as drinking water. Jak-3 was inhibited in vivo by i.p. injection of the Jak-3 inhibitor IV at 40 mg/kg twice daily for up to 14 days. The inhibitor was dissolved in DMSO and 1:10 diluted in 0.9% NaCl solution. Amitriptyline was applied in the drinking water at 120 mg/L. All animal experiments were performed with permission of the Regierungspraesidium Düsseldorf and the Institutional Animal Care and Use Committee, Cincinnati.
Behavioural tests
Dark-Light Box. Mice were individually placed in a dark and safe compartment, which is connected via 5×5 cm aperture with rounded corners with a brightly illuminated, open, and thus aversive area of the same size. Each mouse was released in the dark compartment, observed for 5 min and the time the mouse was outside in the open area was recorded.
Novelty-suppressed feeding test or latency to feed test. Mice were fasted for 24 hrs. The test then measured the time during which the mice explore a new environment before they began eating.
Bromodeoxyuridin (BrdU)-staining. Mice were injected 4 times (every 2 hrs) with BrdU, sacrificed 24 hrs after the 1 st injection, brains were placed in Tissue-Tek and shock-frozen in liquid nitrogen. Sections were performed on a Leica cryotome, dried on air for 5 min and fixed for 10 min in ice-cold acetone. Samples were washed twice in PBS, incubated for 2 h with 50% formamide in 300 mM NaCl and 30 mM salinesodium citrate (SSC; pH 7.0) at 65°C, washed twice in saline sodium citrate (SSC) buffer and then incubated for 30 min at 37°C with 2 M HCl. These steps serve to denature the DNA. The samples were then washed in PBS, neutralized for 10 min with 0.1 M borate buffer (pH 8.5), washed, and incubated with 0.05% Tween 20 and 5% FCS in PBS (pH 7.4) to block unspecific binding sites. The samples were incubated with 5 µg/ mL anti-BrdU antibodies (Roche) for 45 min at 22°C, washed, labeled with Cy3-coupled F(ab) 2 anti-mouse IgG (Jackson ImmunoResearch), washed and embedded in Mowiol. Serial sections were counted for BrdUpositive cells.
Phospho-Jak-3-and phospho-Stat-3-stainings. Frozen sections of the brains were dried and fixed as above. Sections were washed 3-times in PBS, blocked in H/S + 5% FCS, washed once in PBS and incubated with anti-phospho-Jak-3 or anti-phospho-Stat-3 antibodies (each diluted 1:100 in H/S + 1% FCS) for 45 min at 22 o C. Samples were washed 3 times, each 5 min in PBS + 0.05% Tween 20, and once in PBS. They were then stained with secondary Cy3-labeled donkey F(ab) 2 -anti-rabbit fragments for 45 min at 22 o C. The samples were washed again 3-times each 5 min PBS + 0.05% Tween 20 and once in PBS, embedded in Mowiol and analyzed by confocal microscopy using a Leica TCS DMIRE.
Statistics
Data were examined with analysis of variance (ANOVA) and post hoc tests. A p value of 0.05 or less (two-tailed) was considered to represent statistical significant differences.
Results
Jak-3 inhibition improves behaviour of stressed mice
In order to test whether Janus-kinases (Jaks) play a role in stress-induced major depressive disorder, we treated mice with glucocorticosterone (250 mg/L) via the drinking water for 14 days. High doses of glucocorticosterone have been previously shown to induce depressive behaviour (10) . The following groups were investigated:
1. Mice that only received glucocorticosterone, 2. mice that were i.p. injected with the Jak-3 inhibitor IV twice daily starting 3 days after initiation of the glucocorticosterone treatment, 3. mice that only received Jak-3 inhibitor IV, 4. mice that were treated with glucocorticosterone + i.p. injection of 10% DMSO in 0.9% NaCl, the solvent of the JAK-3 IV inhibitor (these mice were more stressed than mice that only received glucocorticosterone, since the injection also constitutes a short, but severe stress), 5. mice that received amitriptyline in the drinking water, 6. mice that were treated simultaneously with amitriptyline and glucocorticosterone in the drinking water (the amitriptyline was started as above 3 days after the glucocorticosterone treatment was initiated), 7. untreated mice.
Mice were randomly distributed to the groups. There were no differences in the age and sex distribution between the groups. The investigator performing the behavioural test was blinded to the treatment of the mice. Behaviour was measured after 9-10 days of treatment with the Jak-3 inhibitor IV or the corresponding time point in the other groups.
The Dark-Light Box tests revealed that glucocorticosterone-treated or glucocorticosterone + solvent-treated mice remained outside the dark box for a much shorter time than untreated mice (Fig. 1A) . Injection of the Jak-3 inhibitor IV markedly improved the behaviour and mice treated with this inhibitor were in the light box almost as long as untreated control mice (Fig. 1A) . A similar result was obtained in the Latency to Feed test: Stress, either only glucocorticosterone or the combination of glucocorticosterone + solvent injection, induced a severe anxious and depressive behaviour and these mice required much more time before they started to eat in a new environment after a 24 hr fasting period (Fig. 1B) . Treatment of the mice with the Jak-3 inhibitor IV normalized behaviour of stressed mice (Fig. 1B) ; the Jak-3 inhibitor did not alter the behaviour of not-stressed mice. Fig. 1 . Inhibition of Jak-3 improves depressive-anxious behaviour of stressed mice. Wild type mice were stressed or left unstressed and treated as indicated. The behaviour of the mice was analyzed in the "DarkLight-Box-Test" (A) or the "Latency to Feed-Test" (B). Both tests reveal an anxious-depressive behaviour in stressed mice that is improved or normalized upon treatment with the Jak-3 inhibitor IV. Displayed are the mean ± SD of 5 mice per group, *p<0.05, ANOVA.
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These data show that inhibition of Jak-3 normalizes depressive and anxious behaviour of stressed mice.
Jak-3 inhibitors increase hippocampal neurogenesis
In the next experimental series we investigated whether Jak-3-inhibitor IV also influences hippocampal neurogenesis. Reduced neurogenesis is a hallmark of major depression induced by stress [7, 9, 10] . To this end, we injected mice 4 times daily with BrdU, sacrificed the mice 24 hrs after the 1 st injection and immuno-stained the sections for BrdU in the hippocampus. This method allows counting the number of proliferating cells. The number of BrdU-positive nuclei in the hippocampus was counted in serial sections and reflects the proliferation in the hippocampus. These investigations revealed a marked reduction of neurogenesis in the stressed mice, which was corrected by treatment with the Jak-3 inhibitor IV ( Fig. 2A and 2B) .
Stress induces phosphorylation of Jak-3
In the next series, we determined whether stress has a direct impact on the phosphorylation status of Jak-3 (Fig. 3) . Phosphorylation of Jaks is a measurement of the activity of these kinases [19] . Further, we analysed whether Stat-3, a target of Jaks [19] , is phosphorylated and thereby activated after stress and whether the Jak-3 inhibitor prevents this phosphorylation (Fig. 3 ). These data demonstrate that stress induces phosphorylation of Jak-3 in the hippocampus, which is prevented by treatment with the Jak-3 inhibitor IV (Fig. 3A) . Phosphorylation of Stat-3 was not altered after stress, nor after treatment with the Jak-3 inhibitor, indicating that Stat-3 does not serve as target of Jak-3 after stress in hippocampal neurons (Fig. 3B) 
Regulation of Jak-3 activity by amitriptyline
In the last series of experiments we investigated whether application of amitriptyline, a commonly used antidepressant drug, regulates the phosphorylation of Jak-3. To this end, we determined the phosphorylation of Jak-3 in hippocampus-sections of mice that were A B Fig. 2 . Jak-3 inhibition prevents stress-reduced hippocampal neurogenesis. Wild type mice were treated as indicated, intraperitoneally injected 4-times with bromodeoxyuridine (BrdU, 2 mg) and 16 hrs later sacrificed. Brains were removed, shock-frozen, serial sections were performed and stained with Cy3-labelled anti-BrdU-antibodies. The number of BrdU-positive neurons was counted in serial sections and extrapolated to the number in the whole hippocampus (A). The studies reveal a marked inhibition of neurogenesis upon stress, which is prevented by application of the Jak-3 inhibitor IV. Displayed are the mean ± SD of 5 mice per group, *p<0.05, ANOVA, in panel A or representative confocal microscopy studies of the hippocampus sections in panel B.
stressed with glucocorticosterone or treated with glucocorticosterone + amitriptyline (Fig.  4A) . Control mice received only amitriptyline or were left untreated. Again, stress induced a phosphorylation of Jak-3 (Fig. 4A) . Application of amitriptyline markedly reduced the effect of stress on Jak-3-phosphorylation and thereby activity of Jak-3 (Fig. 4A) . Amitriptyline was without effect on the low basal phosphorylation of Jak-3 in the hippocampus (Fig. 4A) . We have previously shown that the antidepressant effect of amitriptyline is mediated by an inhibition of the acid sphingomyelinase and a reduction of ceramide [10] . To test whether amitriptyline reduces the phosphorylation and activity of Jak-3 via inhibition of the acid sphingomyelinase, we stressed acid sphingomyelinase-deficient mice with glucocorticosterone and tested whether amitriptyline still reduces phosphorylation of Jak-3 or not. Surprisingly, the data demonstrate that acid sphingomyelinase-deficiency itself reduced phosphorylation of Jak-3 upon stress. Amitriptyline, however, had no additional effect on the phosphorylation of Jak-3 ( Fig. 4B) , indicating that amitriptyline regulates Jak-3 via the acid sphingomyelinase.
Discussion
The data of the present study demonstrate that (i) Jak-3 is a stress-activated molecule, (ii) Jak-3 is critically involved in the regulation of hippocampal neurogenesis under stress, Fig. 3 . Stress induces phosphorylation of Jak-3, but not of Stat-3. Stress induces phosphorylation of Jak-3 (A), while the phosphorylation of Stat-3 is not altered upon glucocorticoid-stress (B). Treatment of the mice with the Jak-3 inhibitor IV prevents stress-induced phosphorylation of Jak-3. Shown are representative confocal microscopy studies of the hippocampus sections stained with Cy3-labelled anti-phospho-Jak-3 or anti-phospho-Stat-3 antibodies, respectively. 5 mice per group were analyzed. Phosphorylated neurons in the neurogenetic zone are indicated by arrows.
(iii) direct inhibition of Jak-3 by a Jak-3 inhibitor improves stress-induced depressive behaviour and normalizes neurogenesis, (iv) the acid sphingomyelinase mediates (indirectly) phosphorylation of Jak-3 upon stress and (v) amitriptyline regulates these effects by inhibition of the acid sphingomyelinase in the hippocampus of stressed mice.
At present, the role of Jaks in major depression is unknown. A previous study demonstrated a role of Jak-2 in drug-induced damage of the striatum [22] . This study revealed that inhibition of Jak-2 reduced neuronal damage and the formation of scars after quinolinic acid treatment [22] . This model is completely unrelated to major depression, but the role of Jak-2 is analogous to that of Jak-3 in the present study.
A further study on the role of Jaks in neuronal proliferation used cultured neurons in vitro [20] . This study demonstrated that inhibition of Jak-3 induces proliferation of neurons in vitro [20] , consistent with the present in vivo data.
The role of acid sphingomyelinase in the regulation of Jaks in neuronal stem cells has not been investigated to date. Our studies on wild type and acid sphingomyelinase-deficient A B Fig. 4 . Pharmacological or genetic blockade of the acid sphingomyelinase prevents Jak-3 phosphorylation after stress. Stress induces phosphorylation of Jak-3 (A), an effect that is reduced, but not absent, in acid sphingomyelinasedeficient mice exposed to stress (B). Likewise, treatment of wild type mice with the antidepressive drug amitripytline reduces stress-induced Jak-3 phosphorylation (A), while amitriptyline was without effect in acid sphingomyelinase-deficient mice (B). Jak-3-phosphorylation is mainly detected in the neurogenic zone of the hippocampus.
Displayed are representative confocal microscopy studies from brain sections that were stained with Cy3-labelled anti-phospho-JAK-3 antibodies. We analysed serial sections from 5 mice per group. Phosphorylated neurons in the neurogenetic zone are indicated by arrows.
mice demonstrate that activation of Jak-3 by stress is at least partly mediated by the acid sphingomyelinase and its product ceramide. Since phosphorylation of Jak-3 is only reduced, but not abrogated by genetic deficiency of the acid sphingomyelinase, it must be assumed that Jak-3 is also targeted by stress via pathways independent of the acid sphingomyelinase.
The effect of the acid sphingomyelinase on Jak-3 is consistent with the observation that treatment with amitriptyline reduced the phosphorylation of Jak-3 in stressed mice. Amitriptyline is a functional inhibitor of the acid sphingomyelinase, which competes with the enzyme for binding to the inner lysosomal membrane [23] . The release of the acid sphingomyelinase from the membrane results in proteolytic cleavage of the enzyme and thereby in a reduction of its cellular activity [23, 24] . Amitriptyline and many other tricyclic or structurally similar antidepressant drugs are therefore functional inhibitors of the acid sphingomyelinase [23] . We have previously shown that amitriptyline targets the acid sphingomyelinase, reduces ceramide and thereby increases neurogenesis and improves behaviour of stressed mice [10] . Amitriptyline was without effect on Jak-3 phosphorylation in acid sphingomyelinase-deficient mice consistent with the upstream regulation of Jak-3 by the acid sphingomyelinase. At present it is unclear how the acid sphingomyelinase/ceramide system regulates Jak-3 phosphorylation.
The acid sphingomyelinase/ceramide system seems to be a central checkpoint regulating neurogenesis and stress responses in the hippocampus. Thus, it has been previously shown that inhibition of the acid sphingomyelinase/ceramide systems prevents the effects of stress in the hippocampus [10, [25] [26] [27] and functions upstream of stress-activated kinases such as p38Kinase [25] .
Our experiments on the role of Stat-3 as a target of the increased Jak-3 activity after stress revealed a negative result indicating that Stat-3 does not play a role in stress-induced effects in the hippocampus. At present it is unknown which one of the six different Statproteins responds to Jak-3 activation upon application of stress and which Stat-protein finally regulates neuronal proliferation upon stress. In contrast to present findings on glucocorticoid-induced stress, a recent study demonstrated an activation of Stat-3 in hippocampal neurons after IL-6 stimulation [28] . These data suggest that different forms of stress such as glucocorticoid-or inflammation-triggered stress induce the Jak-Stat system, but different members of this system. However, the final outcome seems to be very similar, i.e. down-regulation of neurogenesis.
The present data indicate a marked effect of the Jak-3 inhibitor IV on stress-induced behaviour and neurogenesis in the hippocampus. At present it is unknown whether Jak-3 inhibitors that were developed and presently investigated to treat rheumatoid arthritis [19] also have an antidepressant effect in humans.
In summary, we have demonstrated that stress induces an activation of Jak-3 resulting in inhibition of neurogenesis and depressive-like behaviour. Direct inhibition of Jak-3 with a Jak-3 inhibitor prevents these effects in stressed mice. Stress activates Jak-3, at least in part, via the acid sphingomyelinase and inhibition of this enzyme using the antidepressant drug amitriptyline reduces Jak-3 phosphorylation and improves behaviour as well as hippocampal neurogenesis. Our data suggest that Jak-3 inhibitors should be investigated for their potential to treat major depressive disorder, although the use of those drugs has to be carefully monitored for potential immunological side effects, since Jak-inhibitors were shown to have severe immunosuppressive side effects [29] .
